Microbial communities inhabiting prolific hydrocarbon seeps in the Gulf of Mexico have been characterized by culture-independent DNA profiling of 16S ribosomal RNA (rRNA) genes. High-throughput 454 pyrosequencing was combined with serial analysis of ribosomal DNA (SARD) to vastly increase the number and, hence, sensitivity and accuracy of microbial 16S rRNA gene detection. This approach enabled the detection of more than 5 million ribosomal sequence tags and revealed that approximately one-third of the sequence tags showed a similar distribution among the sediment piston-core samples compared to the major hydrocarbon constituents present in the seeps. Numerous correlated distributions or associations were found between particular microbial DNA sequences and specific hydrocarbons, suggesting a biochemical role in the transformation of these compounds. Quantitative polymerase chain reaction (qPCR) primers were designed to target these 16S rRNA gene sequences and were found to accurately detect and serve as sensitive bioindicators for these hydrocarbons in blind tests. The results underscore the need for a thorough characterization of geochemistry and microbiology to fully understand the dynamics of these biogeochemical associations.
Introduction
Geologic trap structures that harbor oil and gas generally do not contain perfect seals, at times allowing varying amounts of their contents to escape to the near surface (Schumacher and Abrams, 1996) . These hydrocarbons migrate through the sedimentary column via faults, fractures, and carrier beds until they reach the surface. As the hydrocarbons approach the near surface (land or marine), they encounter vibrant microbial communities that have adapted to the presence of these carbon-rich substrates (Klusman, 1993) .
These hydrocarbon seep environments often harbor considerable microbial biomass, as evidenced by genomic DNA recoveries. The composition of microbial communities associated with hydrocarbon seeps is the result of natural selection of organisms that are able to take advantage of the local geochemical settings where the ability to metabolize these substrates is key. Likewise, the hydrocarbon constituents present in these seeps are highly influenced by biochemical transformations. Efforts to characterize the hydrocarbons present in seeps may therefore be compromised unless the data can be incorporated into a model that recognizes these biological processes.
The goal of this project was to characterize the microbial communities inhabiting near-surface hydrocarbon seep sites within the deepwater Gulf of Mexico (GOM) Green Canyon lease block. Further, these surveys were to be based on culture-independent, molecular DNA-based methods specifically developed for such purposes. The microbiological profiles were compared to extensive geochemical data sets derived from the same samples by the Surface Geochemical Calibration phase III (SGCIII) study at the Energy and Geoscience Institute, University of Utah, U.S.A. (Abrams, 2002; Abrams and Dahdah, 2011) .
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Five specific questions were addressed: 1) Can an accurate and quantitative census be made of the microbial communities in the hydrocarbon-seep environments? 2) Do the microbial communities resemble other known seep communities? 3) Are the overall microbial community structures influenced by the presence of hydrocarbons? 4) Can specific microbial taxa be identified that are associated with specific geochemical parameters? 5) Can these specific microbe-geochemistry associations be used as bioindicators to predict geochemistry?
A first step toward understanding how microbial communities function requires an accurate and quantitative description of these assemblages. Although seemingly straightforward, this task is technologically challenging for several reasons. The observation that most environmental bacteria are unable to be cultured poses one challenge (Amann et al., 1995; Pace, 1997; Hugenholtz et al., 1998) . Out of necessity and through technological advances, DNA-based (culture-independent) detection methods have come into use. Second, environmental microbial communities are extraordinarily complex, or rich, in terms of species composition. For example, a gram of ordinary soil may contain several thousand to several hundreds of thousands of distinct bacterial species (Torsvik et al., 1990; Handelsman, 2004, 2006) .
Another attribute of microbial communities that challenges efforts to characterize them is their skewed abundance class (frequency) distributions (Hughes, 2001; Sogin et al., 2006) . The typical skewed distribution seen in environmental microbial communities is the result of there being few highly abundant species and many rare species (Figure 1a) . For any sampling-based survey approach, this attribute creates a tremendous burden in cost and effort (Figure 1b) . For example, the abundant species are repeatedly reisolated in the sampling effort at the expense of identifying rare members of the community. This sampling "tax" translates to the need for large sample sizes in order to document the presence of most of the members of these communities.
Two general approaches have been used to characterize complex microbial communities: 16S rRNA-based surveys and shotgun sequencing of genomic fragments (also known as metagenomics). Each of these samplingbased strategies provides different types of information. The 16S rRNA gene is ubiquitous in prokaryotic genomes and has become the standard metric of microbial phylogeny (Amann et al., 1995; Pace, 1997) . Surveys based upon this gene use variations in the DNA sequence of the 16S rRNA gene as proxies for the corresponding genome. Such surveys are carried out by a polymerase chain reaction (PCR), amplifying the 16S rRNA gene from genomic DNA, followed by cloning and sequencing the amplicons. Variations on this theme have been developed to increase throughput for more comprehensive surveys (Neufield et al., 2004) . The 16S rRNA-based surveys provide phylogenetic and quantitative information about microbial communities. Our project used two complementary 16S rRNA-based survey methods to characterize microbial communities. These methods included constructing and sequencing 16S rRNA gene libraries in addition to serial analysis of ribosomal DNA (SARD), a molecular method. The conventional 16S rRNA gene clone library approach coupled to Sanger sequencing provides significant phylogenetic resolution by virtue of the fact that 800-1000 base pairs of DNA sequence can be resolved in a single reading. This approach predominantly identifies the more abundant members of microbial communities because the cost and effort make deep surveys extremely difficult. Nevertheless, phylogenetic trees based on these 16S rRNA gene sequences reveal an overall picture of the diversity and species richness of the microbial community.
SARD is another method of profiling microbial communities that complements the 16S rRNA gene library approach (Ashby et al., 2007) . Whereas the 16S rRNA clone approach provides qualitative information with an emphasis on the more abundant members of a microbial community, SARD provides quantitative data about the whole community. This method utilizes short sequence tags that are recovered from the fifth variable region (V5) of the 16S rRNA gene. The SARD tags are concatenated together in long strings that are identified through DNA sequencing. This strategy results in a significant increase in DNA sequencing throughput because many individual tags are identified in each sequence, thus allowing deeper, more complete surveys.
Next-generation DNA sequencing technologies have been introduced that dramatically increase throughput and change the economics of this process (Mardis, 2008; Metzker, 2010) . For microbial surveying techniques that rely on DNA sequencing, these advances substantially increase the number of sequences that can be identified for the same cost. The number of individuals in a community that are sampled (sequenced) is directly proportional to the fraction of the community identified, so these sequencing technologies enable significantly more comprehensive surveys. One such pyrosequencing technology developed by 454 Life Sciences (Margulies et al., 2005) was used in this project to determine the DNA sequence of SARD concatemers that allowed exceptionally deep microbial surveys of marine-sediment hydrocarbon seep communities (Figure 2 ).
Study area
The GOM Marco Polo field was chosen because it is an area of known petroleum leakage based on previous seismic and geochemical surveys (Chaouche et al., 2004; Abrams and Dembicki, 2006; Dembicki and Samuel, 2007) , available reservoir geochemical data (Abrams and Dembicki, 2006) , and high-quality shallow seismic imaging data acquired (Dembicki and Samuel, 2007) . The Marco Polo field is approximately 175 miles (281 km) south of New Orleans, Louisiana, U.S.A., in blocks 563, 607, and 608 of Green Canyon, GOM, in approximately 4000 ft (1219 m) of water (Abrams and Dahdah, 2011) . The field is located in a salt-bounded minibasin, with petroleum production from suprasalt Miocene reservoir sands (Chaouche et al., 2004) . Geochemical analysis of reservoir fluids by Anadarko Petroleum indicates that the medium-gravity oil originated from a marine type II organic matter consistent with generation from the subsalt upper Jurassic source rocks (Chaouche et al., 2004; Dembicki, 2010) . Areas of fluid movement from the reservoir to near surface had been identified on the western side of the field area (Green Canyon block 607) by the presence of mud mounds (volcanoes), pockmarks (seabed craters), shallow acoustic blanking, and bright amplitudes (Dembicki and Samuel, 2007) .
Materials and methods
Sample processing
The core samples were collected using a modified Kullenberg piston-coring device with a 6-m core barrel and 6.7-cm internal diameter. The 33 cores range in length from 0.5 to 5.3 m, with an average recovery of 3.5 m (Abrams and Dahdah, 2011) . Three core sections were collected from each sediment core: top (0.5-2.0 m), middle (2.0-3.0 m), and bottom (3.0-5.0 m) (Ashby et al., 2007) . The core sediment samples were processed immediately upon collection in a manner to avoid or minimize contamination. All utensils that came into contact with the sediments were rinsed clean and sterilized with alcohol wipes.
The core samples were handled minimally and only while wearing latex gloves. The sample material was processed on sheets of aluminum foil. Outside portions of the core that had come into contact with the plastic sleeve were removed to expose approximately 50-100 g of untouched sediment. This material was transferred into a 4-oz. Consolidated Plastics 042412LY sterile plastic specimen container. Each container was labeled with the time and date of collection and frozen at -20°C. Once back in port, the samples were packed in containers with dry ice and shipped by overnight delivery to our laboratory's facility.
Genomic DNA was extracted from about 0.4 g of sediment from each sample with a mechanical glass bead-beating lysis protocol in an MP Biomedicals FastPrep FP120 instrument. The components for the lysis matrix were obtained from CeroGlass. The bead beating matrix consisted of one 4-mm glass bead (GSM-40), 0.75 g of 1.4-1.6-mm zirconium silicate beads (SLZ-15), and 1.0 g of 0.07-0.125-mm zirconium silicate beads (BSLZ-1). The beads were prepared by acid washing with hydrogen chloride (HCl) and nitric acid (HNO 3 ), followed by neutralization with extensive water washings and autoclaving to sterilize. Prechilled samples were disrupted by beating beading in the FastPrep instrument at 6.5 m/s for 45 s. The resulting lysates were centrifuged at 16,000 × g for 5 minutes at 4°C and transferred to new 1.5-ml microfuge tubes. Then, 0.25 ml of 2 moles/liter potassium acetate (pH 5.3) was added, and the tubes were inverted 10 times to mix. The samples were centrifuged as above, and the supernatants were transferred to new 1.5-ml microfuge tubes. Then the samples were phenol extracted with a mixture of phenol/ chloroform/isoamyl alcohol (25:24:1) and centrifuged as before at room temperature. The upper aqueous phases were transferred to new microfuge tubes, and the resulting genomic DNA was purified from the supernatants on a QIAprep 27106 spin miniprep column according to manufacturer's instructions.
To obtain a representative sample, eight separate extractions were performed for each sediment sample. The extracts were pooled before applying to the spin column for DNA purification. The purified DNA was eluted from the columns in 100 ml of TE8 (10 mM Tris-HCl, 0.5 mM EDTA, pH 8.0) and stored at -20°C. Genomic DNA was quantitated using a fluorescent assay with SYBR green dye in a BioTek FLx800 fluorescent plate reader. The genomic DNA yields (Table 1) were comparable or higher than values normally seen in marine sediments.
16S rRNA gene clone libraries and analysis
Of the 92 sediment samples collected, a representative subset of 16 samples was chosen for molecular profiling (Figure 3) . These samples were all taken from the lower interval except for two sets of three samples taken from each interval of the same core. One of these sets was taken from outside the seep area (Anadarko core 24), and one set comprised the three intervals from a core taken from a feature with obvious hydrocarbon macroseepage (Anadarko core 9).
The 16S rRNA genes were amplified by PCR using the synthetic DNA oligonucleotide primers TX9 (5´-GGATT AGAWACCCBGGTAGTC-3′ [Ashby et al., 2007] ) and 1391R (5´-GACGGGCRGTGWGTRCA-3′ [Tyson et al., 2004] ). These primers were designed to be universal in that they were complementary to 16S rRNA genes from the Bacteria and Archaea domains. As is the case with any primer, some target 16S rRNA gene sequences contain mismatches to these primers and are excluded or underrepresented in the resulting clone libraries. PCR amplification conditions included an initial incubation at 94°C for 60 s followed by an empirically determined minimum number of cycles of the following temperature stages: 94°C for 30 s, 55°C for 30 s, and 68°C for 60 s. After the last cycle, the reactions were incubated at 68°C for 60 s. These conditions were chosen to minimize primer-dependent biases that included using 20 or fewer total cycles, relatively long denaturation, and a low annealing temperature to accommodate mismatches.
The resulting PCR fragments from each sediment sample were gel purified and treated with the Klenow fragment of DNA polymerase I in the presence of deoxyguanosine triphosphate (dGTP) and deoxycytidine triphosphate (dCTP) (deoxyadenosine triphosphate [dATP] and deoxythymidine triphosphate [dTTP] were left out intentionally) to create one blunt end and one 3-foot (1-m) recessed end. These modifications enabled directional cloning into the pUC19 plasmid vector that had been linearized with dephosphorylated EcoRI and SmaI endonucleases. Following ligation, the libraries were sent to the high-throughput DNA sequencing facility at the J. Craig Venter Institute in Rockville, Maryland, U.S.A. DNA sequences from 960 16S rRNA gene clones were determined from each of 16 libraries, corresponding to the 16 sediment samples. Following the application of stringent quality criteria for the DNA sequence, approximately 11,000 16S rRNA gene clones were carried forward with the analysis.
SARD profiles of sediment samples
The 16 sediment samples were also profiled with SARD. In the first step, genomic DNA was amplified with the same primers used for 16S rRNA gene clone library construction. This step ensured that the 16S rRNA gene profiles and SARD profiles would be most comparable because any biases introduced by the primers would be consistent between the two methods.
The SARD method used in this study differed from the published method (Ashby et al., 2007) in that DNA sequences of the SARD tag concatemers were identified using pyrosequencing rather than the conventional Sanger dideoxy method. To allow for this approach, ditags were released from the synthetic adapters by cutting with the type IIS endonuclease FokI rather than AluI, which was called for in the original protocol. Both of these restriction endonuclease recognition sequences were coded into the synthetic adapters. This step created a four-base AGCT overhang rather than blunt ends on the ditags, which enhanced concatemer polymerization.
During ligation of the purified ditags, double-stranded adapters (formed by annealing [BioTEG]5′-GCCTCCCT CGCGCCATCAGNNNN to its complement [Phos]5′-AGCTNNNNCTGATGGCGCGAGGGAGGC) were included, serving as terminators of elongating ditag concatemers and as the A and B adapters necessary for the pyrosequencing chemistry (Marguilies et al., 2005) . The N's represented four base-pair bar codes that allowed for pyroSARD libraries generated from different samples to be multiplexed together during the actual sequencing. By varying the ratio of terminator adapters to ditags, the length distribution of ditag concatemers could be modulated.
This pyrosequencing strategy enabled an approximately 25-fold increase in the number of SARD tags identified per sample for the same cost as traditional sequencing methods.
Results and discussion
The strategy used in this study to identify bioindicators was (1) to conduct comprehensive molecular surveys of microbial communities inhabiting marine hydrocarbon seep 
to identify significant associations between specific microbial 16S rRNA gene sequences and select organic compounds, and (3) to test the robustness of these associations using quantitative PCR (qPCR) assays across a larger set of sedimentary samples. The emphasis of this project was to identify bioindicators of hydrocarbons in marine sediments rather than to conduct a detailed phylogenetic analysis of these communities. Although such an effort using this data set is underway, several sources provide excellent characterization of microbes inhabiting marine sediments, including hydrocarbon seep communities (Orphan et al., 2001; Teske et al., 2002; Teske, 2006; Fry et al., 2008; Orcutt et al., 2010) .
16S rRNA gene clone library analysis
The 16S rRNA gene clones from these samples revealed considerable phylum-level division diversity (Figure 4 ). In addition, 11 groups of sequences could not be assigned to known divisions, constituting novel clades or possibly candidate divisions. Four of these groups were from the Bacteria domain, and 11 aligned with members of the Archaea domain. This result should be considered with caution, however, because the sequence alignments used for treebuilding were not full length. The clones in this study were approximately 600 base pairs in length rather than the approximately 1500 base pairs of the full-length 16S rRNA gene. In total, 50 apparent divisions were resolved: 31 bacterial and 19 archaeal.
Distribution of the bacterial divisions among the 16 sediment samples did not reveal any strong associations with the presence of obvious hydrocarbon macroseepage ( Figure 5 ). This result is not entirely surprising because a phylum-level division represents a broad taxonomic classification. For example, the Chordata division of which humans are a member includes anything with a spinal cord, such as fish, lizards birds, and mammals. Importantly, this result is not incompatible with the notion that more phylogenetically specific groups of microbes (e.g., members of the same family or species) can be associated with the presence of hydrocarbons.
Examination of the distribution of archaeal divisions in the 16 sediment samples revealed several divisions that were predominantly or exclusively found in samples with obvious macroseepage (Figure 6 ). Sequences from the GOM2, 3, and 10 candidate divisions identified in this study were only seen in samples containing significant hydrocarbons. Sequences from GOM1 were all found in the Figure 3 . Summary of the subset of 16 piston-core sediment samples chosen for molecular profiling. The boxed samples illustrate those derived from different intervals of the same piston core. A distinct numbering system was used by Taxon, EGI, and Anadarko for each piston-core sample, which included a unique identifier for each sampling interval (Taxon); a unique identifier for each piston core (Anadarko); or a unique identifier for each piston core that included an identifying suffix to designate upper, middle, or lower sampling interval as indicated (EGI). hydrocarbon-containing samples except for a single clone observed in sediment sample 16-25 (Taxon numbering).
Sequences from the ANME-1 clade made up a considerable fraction of some of the communities surveyed and had a strong association with the hydrocarbon positive samples, but they were also seen at a lower abundance in the intermediate samples (16) (17) (18) (19) 25, 34, 55, and 44; Taxon numbering) . Members of the ANME-1b group were observed to a lesser extent and followed a similar distribution pattern among samples containing hydrocarbons. A few rare sequences belonging to ANME-2 and ANME-3 clades were also seen in hydrocarbon-impacted samples. Archaea belonging to the ANME-1, -2, and -3 clades are methanotrophs that anaerobically oxidize methane through syntrophic associations with sulfate-reducing bacteria belonging to the Desulfosarcina/Desulfococcus or Desulfobulbus clades within Deltaproteobacteria (Boetius et al., 2000; Knittel and Boetius, 2009 ). Interestingly, sequences from the SAGMEG-1 division displayed a negative association with hydrocarbons and were only observed in negative or a few intermediate samples. Microbes belonging to the SAGMEG-1 division were originally described from a South African gold mine (Takai et al., 2001 ) but were later found in deep marine sediments containing methane hydrates (Reed et al., 2002) . 
SARD profiles of sediment samples
To create the most comprehensive microbial surveys possible, the SARD method of profiling microbial communities was adapted to a 454 pyrosequencing strategy. Thus, several modifications of the SARD method were necessary to determine the DNA sequence of ditag concatemers using pyrosequencing. For example, during the ditag concatenation reaction, specific adapters were included that enabled a degree of control over the length of the concatemers formed (Figure 2a and 2b) . Inclusion of bar-coded sequences in the adapters also allowed for multiplexing eight samples into one for pyrosequencing (Figure 2c and 2d) . Following pyrosequencing, a software program was written to identify and bin sequences from different samples into groups for profile analysis.
A total of 3,366,428 high-quality SARD tag DNA sequences were identified from the 16 sediment samples. The numbers of tags per sample ranged from 40,000 to about 690,000, with an average of 210,000 tags per sample. Many singletons (tags identified only once in a profile) were observed in each sample, indicating that despite the significant level of SARD tag coverage, none of the surveys identified all of the tag diversity present. Thus, these samples contained extensive microbial diversity, which was consistent with the identification of 50 phylum-level divisions (discussed above) in these samples. 
Chapter 8: Identification and Evaluation of Molecular Bioindicators
Assessment of the SARD data by 2D cluster analysis revealed that the microbial communities could be resolved into groups of organisms (sequences) that were consistently found together in various sample combinations (Figure 7 ). This type of organization is typical of microbial communities in general. One interpretation of this community structure is that the groups of organisms colocalize due to characteristics of the environment (geochemistry) that are amenable to the organisms' metabolic capabilities. Such organisms that participate and synergize in a given biogeochemical process can be thought of as constituting a functional consortium.
The presence of hydrocarbon macroseepage had a significant effect on the microbial communities, as judged by the large number of SARD tags that were positively or negatively associated with its presence. Several variations of this theme were observed where groups of sequences were abundant in some, but not all, of the sediments with significant hydrocarbon macroseepage. This result was encouraging because it likely resulted from groups of organisms associating with specific components of the hydrocarbons present. The presence of hydrocarbons appeared to serve as a strong driver, or determinant, of the microbial community organization.
Association of microbes to geochemistry
To identify associations between microbes and specific hydrocarbon components, 16S rRNA gene-sequence data and SARD profile data were used. For the 16S rRNA gene data, sequences were binned into groups based upon different DNA sequence-distance values. Such groupings, termed operational taxonomic units (OTUs), were defined between 1% and 5% distance values. For example, at a distance value of 1%, all of the 16S rRNA gene-sequence data (for all 16 sediment samples) were consolidated into groups whereby all DNA sequences of a given group were less than 1% different (>99% identical) from any other member of the same group. The distribution of the members of each OTU therefore were assessed as a consolidated group across all 16 samples for correlation to sample parameters. A beta version of a software program under development at Taxon was used to automate these analyses. This strategy enabled identification of microbe-geochemical associations that would have been missed otherwise.
Prior to correlation analysis, all of the data (16S rRNA gene OTUs, SARD, and geochemistry) values were converted into z-scores. The molecular data was also log transformed prior to conversion. Log transformation of the molecular data tended to transform the data such that it followed a normal distribution, which is important for statistical analysis. Converting the data into z-scores has the advantage of making the contribution of each data point to the correlation dependent upon the significance of the change rather than the absolute magnitude of the change. For example, a small change for a parameter that rarely changes is probably more significant than a large change of a parameter value that often displays wide fluctuations.
When developing bioindicators, Taxon utilizes molecular profiling as a discovery tool to identify associations between specific phylogenetic taxa and geochemical parameters. This information is then used to develop specific qPCR assays that can be performed hundreds to thousands of times in a more specific and cost-effective manner. In this project, the subset of 16 samples (Figure 3 ) was used for the discovery component of the project. The geochemical data were provided for the 16 samples profiled but were Comparison of the molecular data with the geochemical data showed several apparent associations. Notably, some geochemical parameters did not reveal significant associations with the molecular microbiological data. These parameters included carbon dioxide (CO 2 ), C 1 -C 5 , and the unresolved complex mixture (UCM). Carbon dioxide can be produced through abiotic or biotic processes, such as by the oxidation of methane (Knittel and Boetius, 2009) , as well as by a variety of fermentation and respiratory metabolic reactions. Thus, CO 2 levels would not be expected to be correlated to a single microbial taxon. A likely explanation for the other composite parameters, C 1 -C 5 and UCM, is that multiple distinct groups of microbes, each with its own distinct distribution, could act on these compounds. Thus, any specific microbial distribution would not necessarily codistribute with these parameters.
The sum of carbon number 14 (SCN14) gasoline-range hydrocarbon parameter (Abrams et al., 2009 ) was significantly associated with a group of microbial DNA sequences. Five sequences in this group were chosen for development into qPCR assays. Four of these sequences were from different divisions within the Archaea domain, including the candidate divisions GOM1, 2, and 3 and the Thermoplasmatales division. The fifth sequence was from the Chloroflexi division of the Bacteria domain. The qPCR assays were developed to specifically detect each of these five SCN14 bioindicator sequences. Each assay detected similar levels of the target sequences in the training set of 16 sediment samples as had been determined from the profiling experiments (Figure 8) .
The SCN14 bioindicators were elevated in each sample that had obvious hydrocarbon macroseepage. Interestingly, in contrast to the bioindicators that were uniformly elevated in core 13 (Energy & Geoscience Institute [EGI] numbering), the measured levels of SCN14 showed a gradient of values, with the lowest values detected in the lower interval, 13C. One explanation for the low values in this interval is that the SCN14 hydrocarbons may be undergoing biodegradation. To the extent that biodegradation of SCN14 is taking place in this interval, these bioindicator organisms could be considered as candidates in driving this process.
Comparison of the SCN14 geochemical data to the SCN14 bioindicator data in the 16-sample training set revealed that the correlation of these values was more of a binary relationship than a linear function (Figure 9, circles) . The geochemical data for the remaining 77 samples were blinded, so only the bioindicator data was plotted. Thus, a single SCN14 value of -1.0 was used for illustration purposes (Figure 9, triangles) . As in the case of the 16 training samples, the 77 unknowns clustered into two groups except for two samples, 8B and 11B (EGI numbering), which had intermediate bioindicator values between the positive and negative clusters.
Predictions of the SCN14 values in the 77 unknown samples were done using an arbitrary bioindicator cutoff value of +1.0. Therefore, samples with an average bioindicator value of one or greater standard deviations above the Several microbial DNA sequences were also found to be correlated with pristane in the training set of 16 sediment samples. These included ANME1-related sequences, organisms known to anaerobically oxidize methane, and their syntrophic sulfate-reducing bacteria. The qPCR assays were developed to these sequences and were shown to recapitulate the profiling data for the 16 samples. However, when tested against the blinded 77 samples, a distinct lack of correlation to pristane levels was observed. The likely cause of this result was that these organisms were actually associated with another hydrocarbon. However, the obvious candidate hydrocarbon, methane, was not significantly correlated with these sequences either. One intriguing possibility is that because these organisms have a known association with methane and were found in significant levels around the flanks of the large mud volcano, the sequences detected may constitute relic signals from when they were located physically on (or in) the mud volcano and exposed to methane. This possibility could be tested by comparing RNA and DNA levels of these specific sequences. RNA is short lived and only produces in metabolically active cells, so the absence of specific RNA sequences could suggest these organisms represent an archived signal.
Conclusions
This study demonstrates that molecular profiling methods can create detailed models of microbial community structure in marine-sediment environments. Two important milestones were made in the study, including the most comprehensive microbial surveys performed to date (690,000 ribosomal sequence tags from a single sample) and the identification of multiple novel candidate phylum-level divisions. Three divisions were found exclusively in the presence of hydrocarbon macroseepage and were demonstrated to have bioindicator potential.
The presence of hydrocarbons was significantly correlated to the overall microbial community structure, as evidenced by the distinct patterns in the SARD profiles in the samples with obvious macroseepage. This effect was also seen at a more specific phylogenetic scale in microbial sequences that correlated with hydrocarbon components (e.g., SCN14). Moreover, these sequences served as accurate bioindicators for this geochemical parameter. Given the significant influence that hydrocarbons have on microbial communities and the vibrant information content addressable with molecular probes, this approach has considerable utility currently and a broad new application potential in petroleum exploration and development as well as environmental surveys.
